Parkinson's disease (PD) is a movement disorder associated with genetic and age related causes. Although autosomal recessive early onset PD linked to parkin mutations does not exhibit a-Synuclein accumulation, while autosomal dominant and sporadic PD manifest with a-Synuclein inclusions, loss of dopaminergic substantia nigra neurons is a common denominator in PD. Here we show that decreased parkin ubiquitination and loss of parkin stability impair interaction with Beclin-1 and alter a-Synuclein degradation, leading to death of dopaminergic neurons. Tyrosine kinase inhibition increases parkin ubiquitination and interaction with Beclin-1, promoting autophagic a-Synuclein clearance and nigral neuron survival. However, loss of parkin via deletion increases a-Synuclein in the blood compared to the brain, suggesting that functional parkin prevents a-Synuclein release into the blood. These studies demonstrate that parkin ubiquitination affects its protein stability and E3 ligase activity, possibly leading to a-Synuclein sequestration and subsequent clearance.
Introduction
Parkinson's disease (PD) is predominantly sporadic, but some disease-causing mutations suggest a genetic component in the pathogenesis of this disorder. Mutations in the autosomal recessive gene Parkin are the most common causes (50%) of familial autosomal recessive early onset PD [1, 2, 3, 4, 5] , while autosomal dominant mutations in a-SNCA cause late onset PD [4, 5] . Familial and sporadic PD are characterized by death of dopaminergic neurons in the Substantia Nigra pars compacta (SN) [6, 7, 8] . Sporadic PD pathology includes cytosolic a-Synuclein inclusions known as Lewy bodies (LBs) [9, 10, 11] . However loss of parkin function (via mutations) is usually not associated with LBs [12] , but some parkin-linked patients have LBs [13, 14, 15] . a-Synuclein impairs autophagy and leads to autophagosome accumulation [16, 17] perhaps leading to neuronal death. Parkin is a cytosolic E3 ubiquitin ligase that targets specific substrates for proteasomal [18, 19, 20] and autophagic [21, 22, 23, 24, 25] degradation. Parkin is also inactivated in sporadic PD, and accumulation of amyloidogenic proteins alters parkin solubility and enzymatic activity [26, 27, 28] , suggesting that loss of parkin function is due to changes in protein stability independent of disease-causing mutations. Insoluble parkin is associated with loss of tyrosine hydroxylase (TH + ) neurons in sporadic PD [24] . Thus, despite the lack of genetic link between parkin and a-Synuclein, the role of parkin is supported in both familial autosomal recessive and sporadic PD [29] .
Activation of the tyrosine kinase Abelson (Abl) increases aSynuclein accumulation in a-Synuclein models and Abl inhibition increases autophagic a-Synuclein clearance [30] . Abl activation also inhibits parkin activity, and Abl inhibition activates parkin in PD models [31] . Tyrosine kinase inhibitors (TKIs) are effective and well-tolerated treatments for chronic myelogenous leukemia (CML) [32, 33] . The availability of brain penetrant TKIs, including nilotinib and bosutinib [34] and the relationship between Abl and both a-Synuclein [30] and parkin [30, 31, 34] provide an important link to study the effects of parkin activity on a-Synuclein clearance and TH + neurons. We investigated the effects of ubiquitination on parkin E3 ligase activity and its role in a-Synuclein clearance and survival of SN neurons. The current studies use pharmacological (TKIs), and genetic (lentiviral gene transfer and transgenic animal) approaches in PD models.
Materials and Methods

Stereotaxic injection
Six months old male C57BL/6 mice were stereotaxically injected with lentiviral a-Synuclein (or LacZ control) bilaterally into the SN using co-ordinates: lateral: 1.5 mm, ventral: 4.1 mm and horizontal: 23.64. The lentivirus was tittered in human M17 neuroblastoma cells according to Invitrogen protocol. Titration and lentiviral expression was verified via counting the V5 tagpositive cells as virally infected cells relative to the total number of cells in 12 well dishes (Falcon). The number of viral genomes was calculated and a total number of 1610 4 viral particles were injected into the mouse SN in a total of 6 ml. Viral stocks were injected through a microsyringe pump controller (Micro4) using total pump (World Precision Instruments, Inc.) delivery of 2 ml at a rate of 0.2 ml/min as previously described [35, 36, 37] . All animal experiments were reviewed and approved Georgetown University Animal Care and Use Committee (GUAUC). n = number of animals in each experiments. Data were analyzed as mean6SEM using Graph Pad software and ANOVA with Newman Keuls post analysis or two-tailed t-test (P,0.05).
Nilotinib and bosutinib treatment
Three weeks post-injection with the lentivirus, half the animals were I.P. treated daily with 10 mg/Kg nilotinib of 5 mg/kg bosutinib dissolved in DMSO and the other half received DMSO treatments (3 ml total) for an additional 3 weeks. Half of A53T transgenic mice were I.P. treated daily with TKIs and the other half with DMSO. Lower drug dose, including 1 mg/Kg and 5 mg/Kg were administered I.P. every other day for 6 weeks.
Human postmortem brain tissues
Human postmortem samples were obtained from John's Hopkins University brain bank. Patients' description, sample preparation and staining are summarized in [27] . Data were analyzed as mean6SEM, using Two-tailed t-test (P,0.05). All studies on postmortem human tissues were reviewed and approved by Georgetown University's institutional review board.
Western blot analysis
The nigrostriatal region was isolated from a-Synuclein expressing mice and compared with LacZ or total brain extracts from A53T mice. Tissues were homogenized in 1x Sodium Tris EDTA NP40 (STEN) lysis buffer (50 mM Sodium Tris (pH 7.6), 150 mM NaCl, 2 mM EDTA, 0.2 % NP-40, 0.2 % BSA, 20 mM PMSF and protease cocktail inhibitor), centrifuged at 10,000 x g for 20 min at 4uC and the supernatant containing the soluble protein fraction was collected. The supernatant was analyzed by WB on SDS NuPAGE Bis-Tris gel (Invitrogen). Human a-Synuclein was probed (1:1500) with human antibodies (ThermoScientific). bactin was probed (1:1000) with polyclonal antibody (Cell Signaling Technology, Beverly, MA, USA). Rabbit polyclonal Beclin-1 was used (1:1000) according to autophagy antibody sampler kit 4445 (Cell Signaling, Inc) and a rabbit polyclonal (Pierce) anti-LC3 (1:1000) were used. WBs were quantified by densitometry using Quantity One 4.6.3 software (Bio Rad).
IHC of brain sections
Animals were deeply anesthetized with a mixture of Xylazine and Ketamine (1:8), washed with 1X saline for 1 min and then perfused with 4% paraformaldehyde (PFA) for 15220 min. Brains were quickly dissected out and immediately stored in 4% PFA for 24h at 4uC, and then transferred to 30% sucrose at 4uC for 48h. TH was probed (1:100) with rabbit polyclonal (AB152) antibody (Millipore) and human a-Synuclein was probed (1:100) with mouse monoclonal antibodies (Thermo Scientific) and DAB counterstained.
Stereological methods were applied by a blinded investigator using unbiased stereology analysis (Stereologer, Systems Planning and Analysis, Chester, MD) to determine the total positive cell counts in 20 cortical fields on at least 10 brain sections (,400 positive cells per animal) from each animal as previously explained [38] .
Cell culture and transfection
B35 rat neuroblastoma cells (Gift of Dr. Cathy Conant, American Tissue Culture Center) were grown in 24 well dishes (Falcon) and transfected with 3 mg parkin cDNA for 24hrs. Cells were treated with 10 mM nilotinib or 1 mM bosutinib for 24hrs or 20 mM MG132 for 6 hrs. Cells were harvested 48 hrs after transfection and centrifuged at 10,0006g for 20 min at 4uC and the supernatant was collected.
Humana-Synuclein ELISA were performed using 50 ml (1 mg/ ml) of brain lysates (in STEN buffer) detected with 50 ml primary antibody (3h) and 100 ml anti-rabbit secondary antibody (30 min) at RT. a-Synuclein levels were measured using human specific ELISA (Invitrogen) according to manufacturers' protocols.
ELISA Dopamine and HVA
Total brain or mesencephalon were collected and fresh 50 ml (1 mg/ml) brain lysates (in STEN buffer) were detected with 50 ml primary antibody (1h) and 100 ml anti-rabbit secondary antibody (30 min) at RT according to manufacturer's protocols (Abnova, Cat# BOLD01090J00011) for DA and (Eagle Biosciences, Cat# HVA34-K01) for HVA.
Subcellular fractionation to isolate AVs-0.5 g of fresh animal brains were homogenized at low speed (Cole-Palmer homogenizer, LabGen 7, 115 Vac) in 1xSTEN buffer and centrifuged at 1,000 g for 10 minutes to isolate the supernatant from the pellet. The pellet was re-suspended in 1xSTEN buffer and centrifuged once to increase the recovery of lysosomes. The pooled supernatants were then centrifuged at 100,000 rpm for 1 hr at 4uC to extract the pellet containing AVs and lysosomes. The pellet was then re-suspended in 10 ml (0 .33 g/ml) 50% Metrizamide and 10 ml in cellulose nitrate tubes. A discontinuous Metrizamide gradient was constructed in layers from bottom to top as follows: 6 ml of pellet suspension, 10 ml of 26%; 5 ml of 24%; 5 ml of 20%; and 5 ml of 10% Metrizamide. After centrifugation at 10,000 rpm for 1 hour at 4uC, the fraction floating on the 10% layer (Lysosome) and the fractions banding at the 24%/20% (AV 20) and the 20%/10% (AV10) Metrizamide inter-phases were collected by a syringe and examined by ELISA.
qRT-PCR in brain tissues
qRT-PCR was performed on Real-time OCR system (Applied Biosystems) with Fast SYBR-Green PCR master Mix (Applied Biosystems) in triplicate from reverse transcribed cDNA from mouse mesencephalon injected with lentiviral LacZ or lentiviral aSynuclein (total 6 weeks) treated with DMSO or TKIs (total 3 weeks). Human wild-type a-Synuclein -CAC CAT GGA TGT ATT CAT GTT TCC-was used as a forward primer and -GGC TTC AGG TTC GTA GTC TTG AT-as a reverse primer. Gene expression values were normalized using GADPH levels.
Proximity Ligation Assay (PLA)
Primary 1:100 mouse anti-parkin (PRK8, above) and rabbit 1:100 anti-Beclin-1 (above), or ubiquitin (Life Sensors) antibodies were applied to 20 mm thick sections of mouse brain or deparrafanized PPE human brains overnight at 4uC. Duolink In Situ Red Starter Kit (Cat#92101-KI01) containing species-specific secondary antibodies or PLA probes, each with a unique short DNA strand attached to it (Axxora, LLC, Farmingdale, NW) was used as described in manufacturer's protocol. When the PLA probes are in close proximity, the DNA strands interact through a subsequent addition of two other circle-forming DNA oligonucleotides. After joining of the two added oligonucleotides by enzymatic ligation, they are amplified via rolling circle amplification using a polymerase to highlight the interaction. Fluorescence in each single-molecule amplification product is easily visible as a distinct bright spot when viewed with a fluorescence microscope.
Immunoprecipitation
Mouse brains tissues were homogenized in 1XSTEN buffer and the soluble fraction was isolated as indicated above. The lysates were pre-cleaned with immobilized recombinant protein G agarose (Pierce #20365), and centrifuged at 2500xg for 3 min at 4uC. The supernatant was recovered, and quantified by protein assay and a total of 100 mg protein was incubated for 1 hr at 4uC with primary 1:100 mouse anti-parkin (PRK8, above) and rabbit 1:100 anti-ubiquitin (Life Sensors) antibodies in the presence of sepharose G and an IgG control with primary antibodies. The immunoprecipiates were collected by centrifugation at 2500 xg for 3 min at 4uC, washed 5x in PBS, with spins of 3 min, 2500xg using detergent-free buffer for the last washing step and the proteins were eluted according to Pierce instructions (Pierce #20365). After IP, the samples were size-fractionated on 4212% SDS-NuPAGE and transferred onto 20 mm nitrocellulose membranes. The primary antibodies used for WB analysis of the parkin and ubiquitin were the same as those used for IP. WB detection of the parkin and ubiquitin was then performed using either HRP conjugated secondary antibodies.
Immunoprecipitation and ubiquitination assay
Parkin or ubiquitin were separately immunoprecipitated in 100 ml (100 mg of proteins) 16STEN buffer using (1:100) antiubiquitin monoclonal antibody (Abnova) or (1:100) anti-parkin mouse monoclonal antibody (PRK8), respectively. Following immunoprecipitation, 300 ng of each substrate protein (parkin and ubiquitin) were mixed in the presence of 1 mg recombinant human ubiquitin (Boston Biochem, MA), 100 mM ATP, 1 mg recombinant UbcH7 (Boston Biochem), 40 ng E1 recombinant enzyme (Boston Biochem) and incubated at 37uC in an incubator for 20min. The reaction was heat inactivated by boiling for 5 min and the substrates were analyzed by WB.
Parkin E3 ubiquitin ligase activity
To determine the activity of parkin E3 ligase activity. E3LITE Customizable Ubiquitin Ligase Kit (Life Sensors, UC#101), which measures the mechanisms of E1-E2-E3 activity in the presence of different ubiquitin chains was used. UbcH7 was used as an E2 that provides maximum activity with parkin E3 ligase and added E1 and E2 in the presence of recombinant ubiquitin, including WT or no Lys mutant (K0) as control. E3 was added as IP parkin to an ELISA microplate that captures poly-ubiquitin chains formed in the E3-dependent reaction, which was initiated with ATP at RT for 60 minutes. Controls included, E1-E2-E3 and assay buffer for background reading. The plates were washed 3 times and incubated with streptavidin-HRP for 5 minutes and were read on a chemiluminecense plate reader.
Results
Parkin interaction with Beclin-1 is decreased in sporadic PD brains
We previously demonstrated accumulation of insoluble parkin within autophagic vacuoles (AVs) in post-mortem sporadic PD brains [24] , suggesting that decreased parkin solubility leads to autophagic defects. Immunostaining shows parkin expression in DAPI stained neurons (Fig. 1A , inset) with astrocytic glial fibrillary acidic protein (GFAP) staining and TH + neurons counterstained with DAB (Fig. 1B) in serial midbrain sections of healthy human subjects (See subjects' description in [24] ). In situ proximity ligation assay (PLA) shows human parkin-Beclin-1 interaction in control midbrain neurons (Fig. 1C , n = 7), suggesting that parkin collaborate with this key autophagy enzyme. However, staining in PD midbrain shows some activated astrocytes and parkin accumulation in the cytosol of DAPI stained nuclei (Fig. 1D , inset), consistent with decreased parkin solubility in PD brains [24] . Loss of TH + neurons ( Fig. 1E ) was associated with altered parkin expression and decreased parkin-Beclin-1 interaction (Fig. 1F , n = 9). These data are consistent with our previous results showing parkin immunoprecipitation with Beclin-1 [39] . Parkin-Beclin-1 interaction was also demonstrated via parkin (Fig. 1G ) and Beclin-1 ( Fig. 1H ) co-labeling, which showed co-localization of these two proteins in human control brains (Fig. 1I, n = 7) . However, alteration of parkin expression (Fig. 1J) was observed with Beclin-1 staining (Fig. 1K) and reduced co-localization in sporadic PD brains (Fig. 1L, n = 9 ). Stereological counting of positive cells that show red fluorescence with PLA was significantly decreased (64%, P,0.001) in post-mortem PD brains (Fig. 1C , n = 9) compared to aged-matched controls (Fig. 1F, n = 7) . To ascertain that this decrease in fluorescence was due to parkin-Beclin-1 interaction, post-mortem PD striatal extracts, which show significantly increased beclin-1 levels (Fig. 1N, 32% , p,0.05, 1 st blot) relative to tubulin (2 nd blot), were immunoprecipitated with Beclin-1 antibody and showed decreased levels of parkin (Fig. 1N, 3 rd blot). Conversely, less Beclin-1 was detected when parkin was immunoprecipitated (Fig, 1N, 4 th blot), suggesting decreased Parkin-beclin-1 interaction in agreement with our previous data [39] .
TKI increases parkin ubiquitination and interaction with Beclin-1
We sought to determine whether TKIs affect parkin ubiquitination, perhaps leading to its activation and facilitated interaction with Beclin-1. PLA shows parkin-Beclin-1 interaction in the striatum of wild type (WT) C57BL/6 ( Fig. 2A , n = 5) but not parkin 2/2 mice generated on the same background [40] (Fig. 2B , n = 5). We previously showed that nilotinib decreases a-Synuclein level in a mouse model that harbors human mutant A53T aSynuclein under the mouse prion protein promoter [30, 41] . Parkin-Beclin-1 interaction in the striatum was decreased (84% by stereology) in 6 months old transgenic A53T mice treated with daily intraperotineal (I.P) injection of 30 mL DMSO for 3 weeks (Fig. 2C , n = 5), but 10 mg/kg nilotinib (Fig. 2D ) or 5 mg/kg bosutinib ( Fig. 2E ) reversed loss of parkin-Beclin-1 interaction (63% and 81% back to control, respectively), suggesting that TKI may affect parkin activity. To determine whether TKIs affect parkin ubiquitination, PLA was performed and showed parkinubiquitin interaction in WT mice (Fig. 2F ) but not parkin 2/2 (data not shown). Parkin-ubiquitin interaction was difficult to detect in A53T mice (Fig. 2G ) treated with DMSO, but nilotinib (Fig. 2H ) significantly increased parkin-ubiquitin signaling (28%) relative to control, and bosutinib (Fig. 2I ) restored this signal back to control levels (n = 5), suggesting increased parkin ubiquitination. To ascertain that TKI increases parkin ubiquitination, B35 rat neuroblastoma cells (Gift of Dr. Cathy Conant) were transfected with 3 mg parkin cDNA and treated with either 10 mM nilotinib or 1 mM bosutinib for 24 hrs after transfection and the proteasome was inhibited with 20 mM MG132 for 6 hrs. To determine parkin ubiquitination, parkin (E3) was immuno-precipitated and E1, E2 (UbcH7) enzymes were added with ATP and either WT or K0 ubiquitin as we previously described [38] . Parkin ubiquitination was observed with WT ubiquitin not the K0 control (Fig. 2J , n = 6), compared to recombinant E1-E2-E3 control. Nilotinib (24 hrs) significantly increased parkin poly-ubiquitination compared to DMSO (Fig. 2J, 160% , n = 6, p,0.001), but MG132 significantly increased parkin ubiquitination (230%, p,0.001). Similarly, bosutinib (24hrs) significantly increased parkin ubiquitination compared to DMSO (68%, n = 6, p,0.001) and MG132 further increased parkin ubiquitination (150%, p,0.0001), suggesting that TKI increases ubiquitinated parkin, which is degraded via the proteasome. Parkin was immunoprecipitated from transfected B35 cells and in-vitro ubiquitination assay was also performed as we previously described [35, 38] . Higher levels of ubiquitinated parkin were observed in nilotinib and bosutinib treated cells compared to DMSO (Fig. 2K , n = 5), suggesting an increase in parkin ubiquitination. However, MG132 further increased the protein smear with TKIs, indicating that ubiquitinated parkin is quickly degraded via the proteasome.
TKIs increase parkin level and stimulate autophagic aSynuclein clearance in A53T mice
To test the effects of prolonged TKI using lower drug dose, 1 month old A53T mice were injected I.P. with either 5 mg/kg or 1 mg/kg bosutinib once every other day for 6 weeks and aSynuclein was measured by enzyme-linked immunosorbent assay (ELISA). Human a-Synuclein was significantly decreased from 830 ng/ml in DMSO treated mice to 580 ng/ml (5 mg/kg) and 606 ng/ml (1 mg/kg) in brain lysates (Fig. 3A, p,0 .001, n = 10). The whole blood was collected via cardiac puncture and extracted in the same STEN lysis buffer used for brain lysates and analyzed by ELISA. Human a-Synuclein was also detected in the blood of DMSO-treated A53T mice (Fig. 3B , 1635 ng/ml, p,0.0001, n = 10), but 5 mg/kg and 1 mg/kg bosutinib significantly decreased a-Synuclein levels (1305 ng/ml and 1093 ng/ml, respectively, p,0.001). We previously showed that nilotinib clears a-Synuclein via autophagy in cell culture (using Bafilomycin A as control) and animal models in vivo using subcellular fractionation [30] . Subcellular fractionation of total brain lysates from A53T mice resulted in separation of AVs into AV10 and AV20, which are indicative of autophagosomes due to light chain protein-3 (LC3)-B detection (Fig. 3C, inset) and lysosomal fractions containing lysosome-associated membrane protein (LAMP2a). We also probed for a cytosolic protein marker, tubulin, which was also detectable in the extracts. Age dependent studies (Fig. 3C) show accumulation of human a-Synuclein (ELISA) in AV10 (340 ng/ml) and AV20 (401 ng/ml) in 1 month old A53T brains, but daily I.P. injection with 10 mg/kg nilotinib for 3 weeks significantly decreased a-Synuclein in AV10 (50 ng/ml, p,0.00001, n = 5) and increased it in the lysosome (268 ng/ml) compared to DMSO. Similarly, daily I.P. injection with 5 mg/kg bosutinib for 3 weeks significantly decreased a-Synuclein in AV10 (42 ng/ml, p,0.00001, n = 5) and increased it in the lysosomes (301 ng/ml) compared to DMSO. Significantly higher levels of aSynuclein were detected in AV10 (940 ng/ml) in DMSO-treated 5 months old A53T mice (Fig. 3C, p,0 .00001, n = 5) compared to 1 month old animals, but nilotinib significantly decreased aSynuclein levels in AV10 (245 ng/ml, n = 5) and increased in AV20 (642 ng/ml compared to 410 ng/ml DMSO) and lysosomes (333 ng/ml), indicating increased autophagic flux in vivo. Similarly, bosutinib significantly decreased a-Synuclein levels in AV10 (301 ng/ml, n = 5) and increased in AV20 (569 ng/ml) and lysosomes (378 ng/ml).
ELISA measurement showed a slight decrease in parkin (Fig.  3D, 16% , n = 10) in total A53T mice brain lysates compared to WT animals and parkin 2/2 , but parkin level was significantly increased (p,0.05) following nilotinib (24%) and bosutinib (19%) treatment compared to DMSO. We previously demonstrated autophagic parkin degradation in post-mortem PD brains [24] , suggesting that failure of proteasomal degradation of insoluble parkin stimulates parkin clearance via autophagy. Parkin was not detected in AVs in WT mice with and without TKI (Fig. 3E , n = 5), but 1 month old A53T mice had 145 ng/ml in AV10 and 126 ng/ml in AV20, indicating parkin accumulation in autophagosome, in agreement with human data [24] . Interestingly, nilotinib and bosutinib significantly decreased parkin levels in AV20 (74 ng/ml and 68 ng/ml, respectively) not AV10, and increased it in the lysosomes (41 ng/ml and 63 ng/ml, respectively) compared to DMSO-treated A53T mice (p,0.0001, n = 5). Parkin levels were significantly increased (Fig. 3E, p,0 .002, n = 5) in the brain of 5 months old A53T mice (DMSO) in AV10 (196 ng/ml), AV20 (161 ng/ml) and lysosomes (35 ng/ml) compared to 1 month old A53T mice treated with DMSO, indicating further accumulation of parkin with aging. Parkin levels were not significantly changed in AV10 but both nilotinib and bosutinib decreased parkin in AV20 (76 ng/ml and 75 ng/ml, respectively) and increased it in the lysosomes (81 ng/ml and 102 ng/ml, respectively) compared to DMSO (Fig. 3E, p,0 .003, n = 5). The shift in the contents of AVs suggests that TKI increases autophagic flux to degrade accumulating misfolded proteins.
We further determined the effects of bosutinib on endogenous a-Synuclein clearance, using mouse antibodies. The endogenous levels of parkin were not affected in 7-8-month-old A53T mice compared to control (Fig. 3F, 1   st ), but daily i.p. injection of 5 mg/ kg bosutinib for 3 weeks slightly increased parkin level (Fig. 3F, 2 nd blot) and decreased monomeric (53%) and high molecular weight human a-Synuclein (Fig. 3F , p,0.05, n = 9) relative to actin compared with A53T mice treated with DMSO. These data are consistent with our previous results showing the effects of nilotinib on a-Synuclein clearance in A53T mice [30] .
TKI clears a-Synuclein and protects TH + neurons in a parkin-dependent manner
To determine the effects of parkin activity on TH + neurons, 6 months old male WT and parkin 2/2 mice were stereotaxically injected with 1610 4 m.o.i lentiviral human WT a-Synuclein (or LacZ) bilaterally into the SN for 3 weeks, and then half were treated daily with I.P. injection of 10 mg/kg nilotinib or 5 mg/kg bosutinib and the other half with DMSO (30 ml) for 3 additional weeks. Staining of 20 mm thick brain sections showed expression of human a-Synuclein in mice injected with lentiviral a-Synuclein into the SN and treated with DMSO (Fig. 4C ) compared to LacZ injected WT mice treated with DMSO (Fig. 4A , n = 10) or bosutinib (Fig. 4B , n = 10); but bosutinib led to 76% (Fig. 4U , by stereology) decrease of humana-Synuclein (Fig. 4D, p,0 .001, n = 10) in SN neurons, consistent with our previously published effects with nilotinib [30] . A significant decrease in TH + neurons (Fig. 4U, 91% by stereology, p,0.002, n = 10) was observed in lentiviral a-Synuclein treated with DMSO (Fig. 4G ) compared to LacZ treated with DMSO (Fig. 4E) and bosutinib (Fig. 4F) , but bosutinib treatment of a-Synuclein expressing mice reversed TH + neuron loss back to 74% (Fig. 4H&U , by stereology) of DMSO level (p,0.003, n = 10). Human a-Synuclein expression in the SN of parkin 2/2 mice (Fig. 4J , n = 10) treated with DMSO was detected compared to LacZ injected mice (Fig. 4I) , but aSynuclein expression was unchanged in SN of parkin 2/2 mice with either bosutinib (Fig. 4K) or nilotinib (Fig. 4L ) treatment (n = 10), suggesting that parkin is required to clear a-Synuclein. The level of TH + neurons in the SN of LacZ-injected parkin 2/2 ( Fig. 4M&O) was not different from WT mice (Fig. 4E) , but aSynuclein expression significantly reduced TH + neurons (Fig.  4N ,R&U, p,0.003, 92% by stereology, n = 10), and bosutinib ( Fig. 4O&S) and nilotinib (Fig. 4P&T) failed to reverse these effects. To ascertain that TKI effects are due to a-Synuclein clearance and not to change in a-Synuclein gene expression, and to control for equal gene expression in lentiviral-injected mice, RT-PCR was performed to show equal amount of a-Synuclein Figure 2 . TKI increases parkin ubiquitination and interaction with Beclin-1. In Situ PLA in 20 mm thick mouse brain sections shows A) parkin-Beclin-1 interaction in the striatum of C57BL/6 control, B) parkin 2/2 mice, C) transgenic A53T mice treated with daily I.P injection for 3 weeks of DMSO D) 10 mg/kg nilotinib and E) 5 mg/kg bosutinib (n = 5). In situ PLA in 20 mm thick mouse brain sections showing parkin ubiquitination via F) parkin-ubiquitin interaction in the striatum of C57BL/6 control, G) transgenic A53T mice treated with daily I.P injection for 3 weeks of DMSO H) 10 mg/kg nilotinib and I) 5 mg/kg bosutinib (n = 5). J) Histograms represent parkin ubiquitination in B35 rat neuroblastoma cells treated with either 10 mM nilotinib or 1 mM bosutinib and 20 mM proteasome inhibitor MG132. Parkin ubiquitination was observed with WT ubiquitin not the K0 control (n = 6), compared to recombinant E1-E2-E3 control. Asterisk indicates significantly different, means6SEM, ANOVA, Newman Keuls, n = 6) and K). immnunoprecipitation of cell extracts with anti-ubiquitin antibodies and WB with parkin showing ubiquitinated proteins (n = 5). doi:10.1371/journal.pone.0083914.g002 mRNA relative to GADPH in both parkin 2/2 and WT mice with and without TKIs (Fig. 4V, n = 10 ). Specific human a-Synuclein primers that were initially used in the cloning of a-Synuclein into the lentiviral plasmid were used to determine a-Synuclein mRNA levels.
Parkin deletion increases a-Synuclein secretion from the brain into the blood
To evaluate whether the decrease in blood a-Synuclein (Fig. 3B) is due to degradation of brain and/or blood a-Synuclein, which is abundantly expressed in peripheral organs of A53T mice [41] , the lentiviral models that express human a-Synuclein in the brain alone were used. ELISA in SN lysates showed that human aSynuclein levels peaked at 209 ng/ml in lentiviral a-Synuclein mice treated with DMSO, and both nilotinib and bosutinib significantly decreased a-Synuclein (45 ng/ml and 51 ng/ml, respectively) compared to DMSO (Fig. 5A, p,0 .0001, n = 10) in WT mice. A slightly higher level of a-Synuclein (245 ng/ml) was detected in parkin 2/2 mice injected with lentiviral a-Synuclein (Fig. 4A , n = 10) compared to WT mice treated with DMSO, but nilotinib and bosutinib failed to clear a-Synuclein (206 ng/ml and 221 ng/ml, respectively) in parkin 2/2 SN lysates (Fig. 5A , p,0.05, n = 10) compared to DMSO treated mice. Surprisingly, human a-Synuclein was detected in the blood (Fig. 5B, 19 ng/ml, n = 10) of lentiviral a-Synuclein-injected WT mice treated with DMSO, but TKIs eliminated a-Synuclein, suggesting that brain degradation of a-Synuclein prevents its secretion into the blood. However, significantly higher levels of human a-Synuclein was detected in the blood of parkin 2/2 mice (Fig. 5B, 34 ng/ml, p,0.04, n = 10) compared to WT mice treated with DMSO, but neither nilotinib nor bosutinib reduced a-Synuclein (31 ng/ml), further suggesting that lack of a-Synuclein sequestration and degradation results in more a-Synuclein release from the brain into the blood.
To determine the fate of human a-Synuclein in WT and parkin 2/2 mice, ELISA was performed in AVs extracted from midbrain tissues. Human a-Synuclein was detected in AV10 (180 ng/ml) and AV20 (120 ng/ml) in lentiviral a-Synuclein expressing WT mice treated with DMSO (Fig. 5C , n = 5), but nilotinib and bosutinib significantly decreased a-Synuclein in AV10 (31 ng/ml and 49 ng/ml, respectively, p,0.0001, n = 5) and increased it in the lysosome (75 ng/ml and 89 ng/ml, respectively. p,0.0001) compared to DMSO (11 ng/ml). However, significantly less a-Synuclein was detected in AV10 (110 ng/ ml, p,0.0001, n = 5) and AV20 (19 ng/ml) in parkin 2/2 mice expressing lentiviral a-Synuclein compared to WT with DMSO. Additionally, no differences in a-Synuclein levels in AVs were observed in nilotinib and bosutinib compared to DMSO treated parkin 2/2 mice, suggesting less a-Synuclein degradation via the autophagy-lysosome system in parkin 2/2 mice. WB analysis shows a significant increase (43%) in lentiviral a-Synuclein expressing WT and parkin 2/2 mice treated with DMSO (Fig. 5 , n = 10, p,0.05), and appearance of higher molecular weight bands in these mice. However, nilotinib and bosutinib reversed monomeric and higher molecular weight a-Synuclein back to control levels in WT, but not parkin 2/2 , mice. The level of Beclin-1 was significantly increased in parkin 2/2 mice with and without aSynuclein expression or TKI (Fig. 5D, 85% by densitometry, p,0.002, n = 12) compared to WT mice. The levels of LC3-II were significantly increased relative to LC3-I (41%, p,0.05) and actin (120%, p,0.002) in parkin 2/2 mice and this did not change with TKI compared to WT mice. However, a-Synuclein increased LC3-II levels relative to LC3-I (40%, p,0.05) and actin (47%, p,0.05) in WT mice, indicating induction of autophagy, while nilotinib and bosutinib reduced LC3-II levels relative to LC3-I (61% and 43%, respectively, p,0.04) and actin (31% and 24%, respectively, p,0.05) compared to DMSO treated WT mice (Fig.  5D, n = 12 ). The clearance of LC3-II in WT mice treated with TKIs suggests degradation of accumulated autophagosomes, consistent with the subcellular fractionation data, whereas the lack of changes in parkin 2/2 mice indicates deficiency in the autophagosome-lysosome pathway.
ELISA quantification of dopamine and its metabolite homovanillic acid (HVA) shows significantly decreased levels of dopamine (Fig. 5E, 62% , p,0.001, n = 10) and HVA (36%, p,0.03) in a-Synuclein-expressing WT mice treated with DMSO, and nilotinib and bosutinib completely reversed dopamine and HVA back to control levels (Fig. 5E, n = 10 ). The level of dopamine and HVA were significantly higher in LacZ-injected parkin 2/2 mice (272% and 311%, respectively, p,0.0001) compared to WT treated with DMSO, suggesting that parkin may control dopamine levels [42] . However, a-Synuclein expression results in significant reduction in dopamine and HVA (110% and 54%, respectively) compared to LacZ-injected parkin 2/2 mice (p,0.002, n = 10) and TKIs does not affect dopamine and HVA levels in parkin 2/2 mice, consistent with the effects of these drugs on TH + neurons. The increase in dopamine levels in parkin 2/2 mice compared to WT despite loss of SN neurons may be due to parkin effects on dopamine levels in the ventral tegmental area.
Discussion
These data reveal novel mechanisms pertaining to parkin protection of SN neurons. Although, parkin co-localizes with Beclin-1 in the human brain, functional interaction between these proteins is reduced [34] in post-mortem PD brains and aSynuclein models, suggesting that aging leads to parkin inactivation independent of disease causing mutations. Importantly, increased parkin ubiquitination suggests E3 ligase activation and recycling via the proteasome, leading to maintenance of homeostatic level of functional parkin. However, loss of protein stability (insolubility) as we previously demonstrated [24] , leads to parkin accumulation and degradation via autophagy, suggesting that parkin ubiquitination leads to protein stability. These data are congruent with parkin structure, which contains 9 potential ubiquitination sites on Lys residues [43] , and its function as a hybrid RING (really interesting new gene) and HECT (homologous to the E6AP carboxyl terminus) enzyme [43, 44, 45, 46, 47, 48] , suggesting that ubiquitination may sequentially lead to parkin activation, substrate recruitment and subsequent proteasomal degradation of parkin and its substrate. Parkin is present in an auto-inhibited and inactive form usually [49] due to the complexity of its structure [43, 50, 51] , however mutations may alter its allosteric conformation, leading to protein instability and affect enzymatic activity [43, 50, 51] . E3 ubiquitin ligases mediate substrate ubiquitination and may also regulate their own activity and stability via self-ubiquitination or ubiquitination by other E3 ubiquitin ligases. Here we show that parkin is auto-ubiquitinated and we previously demonstrated that parkin is auto-ubiquitinated via both Lys 48 -and Lys 63 -linked ubiquitin chains, leading to ubiquitination of its substrate [38] . Parkin activity is also autoregulated through its ubiquitin-like domain, which may sterically hinder ubiquitin-conjugating E2 enzyme interaction with the catalytic center [52] . Parkin increases proteasome activity and facilitates autophagic clearance in models of neurodegeneration [24, 25, 35, 36, 37, 53, 54] . The increase in insoluble parkin in postmortem sporadic PD brains [24, 25] suggests that de-ubiquitination Figure 3 . TKIs stimulate autophagic a-Synuclein clearance in A53T mice. ELISA measurement of human a-Synuclein in the A) brain and B) blood of 1 month old A53T mice injected I.P. with either 5 mg/kg or 1 mg/kg bosutinib once every other day for 6 weeks (n = 10). C). Insert shows separation of AVs and lysosomal fractions. Histograms represent subcellular fractionation of total brain lysates from A53T mice and ELISA of human aSynuclein in AVs in 1 and 5 months old A53T brains after daily I.P. injection with 10 mg/kg nilotinib or 5 mg/kg bosutinib for 3 weeks (n = 5). D). ELISA showing parkin level in total brain extracts of A53T mice compared to WT and parkin 2/2 in the presence of nilotinib and bosutinib (n = 10). E). Histograms represent subcellular fractionation of total brain lysates from A53T mice and parkin ELISA in AVs in 1 and 5 months old A53T brains after daily I.P. injection with 10 mg/kg nilotinib or 5 mg/kg bosutinib for 3 weeks (n = 5). Asterisk indicates significantly different, means6SEM, ANOVA, Newman Keuls. F) WB analysis on 4212% NuPage SDS gel showing parkin and a-Synuclein levels relative to actin in A53T mice treated with either DMSO or bosutinib. doi:10.1371/journal.pone.0083914.g003 may decrease parkin solubility/stability, leading to its clearance via autophagy. However, bosutinib and nilotinib increase parkin ubiquitination; facilitating its dual role in proteasomal activity as well as autophagic degradation via increased parkin-Beclin-1 interaction.
A role for parkin was described in sporadic amyotrophic lateral sclerosis (ALS) and frontotemporal lobar dementia (FTLD) [55] and in cases of mutations in valosin-containing protein (VCP) causing multisystem degeneration [56] . Parkin solubility is also altered in ALS/FTLD animal models [38] and post-mortem Alzheimer's disease (AD) brains [27] . Thus, loss of parkin E3 ubiquitin ligase function could cause neurodegeneration independent of familial PD-linked mutations in several human diseases. Although some PD-linked Parkin mutations induce loss of parkin function either via catalytic impairment or decreased parkin solubility and stability [57, 58] , other mutations have no impact on parkin activity or solubility and no known pathological consequences [59] . Our data show that TKI increases parkin ubiquitination, promoting autophagic a-Synuclein degradation and protection of SN neurons. These results are in agreement with our previous results that exogenous parkin expression or nilotinib can lead to a-Synuclein clearance [24, 30] . Moreover, a-Synuclein detection in the blood of gene transfer animals is a novel finding, indicating that a-Synuclein can be released from the brain. Taken together, these data suggest that parkin-linked PD cases may have no LB inclusions due to failure of a-Synuclein sequestration en route to autophagic degradation. Although cerebrospinal fluid (CSF) a-Synuclein is thought to be derived from the brain in sporadic PD [60] , it is unknown whether there is a difference in the level of a-Synuclein in the blood or CSF between parkin-linked mutations and sporadic PD. Parkin inactivation due to decreased solubility and reduced enzymatic activity [26, 27, 28] may result in a-Synuclein accumulation and LB formation over time in sporadic PD. Nonetheless, the common loss of SN neurons in both parkinlinked mutations and sporadic PD may be due to perturbation of dopamine levels [42, 61] , independent of LB formation.
In conclusion, a decrease in parkin ubiquitination may lead to protein instability and E3 ligase inactivation, causing impairment of proteasomal recycling and reduced interaction with autophagy enzymes, including Beclin-1. However, the FDA-approved CML drugs, nilotinib and bosutinib, increase parkin ubiquitination and enhance its ligase function in proteasomal and autophagic clearance. These studies provide novel mechanistic insights into PD pathology and offer strong translational promises in the therapeutic quest for PD. Parkin may be activated as a therapeutic target in neurodegenerative diseases.
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